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The band structure of type-I (In,Al)As/AlAs quantum dots with band gap energy exceeding
1.63 eV is indirect in momentum space, leading to long-lived exciton states with potential appli-
cations in quantum information. Optical access to these excitons is provided by mixing of the Γ-
and X-conduction band valleys, from which control of their spin states can be gained. This access
is used here for studying the exciton spin-level structure by resonant spin-flip Raman scattering,
allowing us to accurately measure the anisotropic hole and isotropic electron g factors. The spin-flip
mechanisms for the indirect exciton and its constituents as well as the underlying optical selection
rules are determined. The spin-flip intensity is a reliable measure of the strength of Γ-X-valley
mixing, as evidenced by both experiment and theory.
PACS numbers: 78.67.Hc, 78.30.Fs, 73.21.La, 85.75.-d
While semiconductor quantum dots (QDs) have been
established as efficient light emitters and detectors in op-
toelectronics [1], other applications are only prospective
so far. Particular examples are implementations in spin
electronics and quantum information technologies. For
these purposes, the QDs are typically loaded with resi-
dent carriers whose spins are well protected from relax-
ation by the three-dimensional confinement [2, 3]. In
this context, exciton complexes are often used for spin
manipulation [4, 5], but are considered less promising as
information carriers. This reservation is primarily related
to the limited exciton lifetime of about a nanosecond [6],
which is too short to provide sufficient coherent manipu-
lation [7]. This situation may change if the exciton life-
time could be extended significantly.
Interesting, but technologically challenging in this re-
spect is the placement of QDs in photonic crystals, in
which their radiative decay could be suppressed [8, 9].
Alternatively, instead of the bright excitons dark exci-
tons with lifetimes in the µs-range may be used as in-
formation carriers, which however complicates the direct
optical manipulation, so that manipulation through the
biexciton state can be realized [10]. Another possibil-
ity is the realization of QDs with a band gap that is
indirect in real or momentum space. Here, we focus on
self-assembled (In,Al)As/AlAs QDs, in which a crossover
of the lowest conduction band states between the Γ- and
X-valley occurs [11], depending on the dot size. This
crossover is reflected by the lifetime of the corresponding
exciton, which is formed by a Γ-valley heavy-hole and a
Γ- and/or X-valley electron. Both carriers are spatially
located within the QD (type-I band alignment). If the
Γ- and X-electron states become admixed, the lifetime of
that exciton can be as long as hundreds of µs [12], which
may allow sufficient manipulation within this time span.
Studying and manipulating an X-valley electron and,
in turn, an exciton that is indirect in momentum space by
optical techniques poses, however, a significant problem:
the associated optical transitions are forbidden in bulk
crystals and are only weakly allowed in QDs due to break-
ing of the translational symmetry. This limitation may
be bypassed by utilizing state mixing of the direct and
indirect conduction-band minima in the (In,Al)As/AlAs
QDs. One appealing optical technique, resonant spin-flip
Raman scattering (SFRS), may then allow one to study
the spin properties of the indirect exciton. SFRS spec-
troscopy, however, is not only a powerful tool to probe
spins by measuring g factors, but is also able to exploit
spin interactions to orient spins. It has been successfully
applied to quantum wells [13, 14] and nanocrystals [15],
and has been suggested for direct-gap QD studies [16].
In this Letter we demonstrate that indirect-in-
momentum-space excitons can be addressed optically by
SFRS in an ensemble of undoped (In,Al)As/AlAs QDs.
We use SFRS to characterize the Γ-X-valley electron
state mixing. It provides access to the fine structure
of the indirect exciton and allows us to measure the g
factor tensor components of the indirect exciton and its
constituents. The mechanisms of their spin-flips and the
optical selection rules are determined. The electron spin-
flip energy and probability are theoretically modeled by
considering an acoustic phonon scattering process includ-
ing the exciton lifetimes and Γ-X-mixing parameters.
The studied structure contains 20 layers of undoped
(In,Al)As/AlAs QDs grown by molecular-beam epitaxy
on a (001)-oriented GaAs substrate. The density of the
lens-shaped QDs with an average diameter of 15 nm and
height of 4 nm is about 3 × 1010 cm−2 in each layer.
2FIG. 1. (Color online) (a) Band alignment in (In,Al)As/AlAs
QDs as function of dot diameter for the valence (VB) and
conduction (CB) bands. The energy difference between Γ-
and X-electron states is denoted by ∆EΓX. For a particular
diameter Γ-X crossover occurs, corresponding to a gap energy
EΓX. (b) PL spectrum of an (In,Al)As/AlAs QD ensemble at
T = 1.8 K; excitation photon energy Eexc = 2.33 eV. The
exciton recombination times τ across the ensemble are shown
by open diamonds (right scale). (c) Resonantly excited PL of
direct and indirect excitons around the Γ-X crossover. The
laser photon energies are marked by arrows. (d) Difference
between laser energy and the peak position of the direct (cir-
cles) and indirect (triangles) exciton PL.
The QD layers are separated from each other by 20-nm-
thick AlAs barriers, which prevent an electronic coupling
between QDs in adjacent layers. SFRS spectra are mea-
sured in the backscattering geometry at a temperature of
1.8 K with circular or linear polarization for the incident
and scattered light [14]. The angle θ between the mag-
netic field B and the QD growth axis z is varied between
0◦ (Faraday geometry) and 90◦ (Voigt geometry).
Dispersion in dot size, shape, and composition within
the ensemble leads to formation of (In,Al)As/AlAs QDs
with different band alignments, as shown in Fig. 1(a).
The electron (e) ground state changes from the Γ- to the
X-valley with decreasing dot diameter, while the heavy-
hole (hh) ground state remains at the Γ-point. This cor-
responds to a change from a direct to an indirect band
gap in momentum space while type-I band alignment is
preserved [11, 17]: the lowest electron level arises from
the X-valley in small-diameter QDs with strong quantum
confinement along the growth direction. With increasing
dot diameter the Γ-valley level shifts to lower energies
more rapidly than the X-level, due to the smaller effec-
tive mass of Γ-valley electrons [18]. For a particular dot
diameter the Γ- and X-electron levels intersect. The cor-
responding crossing energy is marked in Fig. 1(a) by EΓX.
Note that the quantum confinement splits the degenerate
X-electron states into Xxy and Xz states with the valley
main axis being perpendicular and parallel to the z-axis,
respectively. The Xxy state has lower energy [17], we
refer to it as the X-valley electron state in the following.
The coexistence of QDs with direct and indirect band
gaps within the ensemble is evidenced by the spectral
dependence of the radiative exciton recombination times
τ . As shown in Fig. 1(b), the indirect QDs are charac-
terized by long decay times in the µs-range due to the
small exciton oscillator strength [12]. These indirect ex-
citons also exhibit long longitudinal spin relaxation times
of up to 200 µs in magnetic field, see SOM. On the con-
trary, in the direct band-gap dots the excitons recombine
within a few nanoseconds. In the Γ-X-crossover range,
the exciton photoluminescence (PL) decay contains con-
tributions from both direct and indirect excitons [19].
Further insight into the Γ-X crossing can be obtained
from PL under resonant excitation, which selects only
a fraction of dots in the ensemble, causing line nar-
rowing due to reduced inhomogeneous broadening. One
can see in Fig. 1(c) that for low-energy excitation with
Eexc < EΓX only the largest dots hosting direct exci-
tons are excited, thus resulting in a spectrally narrow
PL line. For excitation energies exceeding EΓX, an addi-
tional broad PL line appears, which originates from indi-
rect exciton emission. The separation ∆E of the emission
line maximum from the varying laser photon energy is
plotted in Fig. 1(d). The direct excitons (circles) closely
follow Eexc with a small shift ∆E = (2.2±0.1) meV. This
shift arises from excitation through an acoustic phonon,
which is most efficient for the phonon wavelength match-
ing the dot size. On the other hand, the shift of the
indirect exciton PL line (triangles) increases markedly
and linearly with Eexc, as the recombination energy re-
mains almost fixed. The meeting point of both shifts at
1.633 eV occurs at EΓX, indicated by the dashed line.
Now, let us study the exciton spin-level structure and
spin-flip mechanisms by use of the resonant SFRS. Ra-
man spectra recorded at magnetic fields of 4 and 5 T in
a tilted geometry (θ = 75◦), essential for the symmetry
breaking required for spin flips, are shown in Fig. 2(a)
for excitation at the Γ-X-crossover energy. Three SFRS
lines corresponding to the heavy-hole, X-valley electron
and indirect exciton (Ex) are observed in the Stokes and
anti-Stokes regions. Their spin-flip Raman shifts ∆ESF
correspond to transitions between Zeeman sublevels split
by |g|µBB with the Bohr magneton µB. One obtains g
factors of |gθe | = 2.00 ± 0.01, |gθEx| = 1.24 ± 0.02, and
|gθhh| = 0.75± 0.01 for θ = 75◦, see SOM for details.
The angular dependence of the g factors at B = 5 T is
demonstrated in Fig. 2(b). The shift of the e-SFRS line
is isotropic, ge ≡ g‖e = g⊥e , with |ge| = 2.00 ± 0.01. The
g factor isotropy and magnitude are characteristic for X-
valley electrons in indirect band-gap structures [20, 21].
Due to the large band gap at the X-point (≈ 4.8 eV be-
tween conduction and valence band) the spin-orbit con-
tribution to the electron g factor is vanishingly small [22].
As a result, the measured value coincides with the free
electron Lande´ factor.
The angular dependent g factors in Fig. 2(b) are as-
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FIG. 2. (Color online) (a) Stokes and anti-Stokes SFRS
spectra for magnetic fields of 4 and 5 T in tilted geometry
(θ = 75◦) with crossed linear polarization; T = 1.8 K. Res-
onant excitation close to the Γ-X crossing at 1.636 eV, laser
power density at the sample is about 15 W/cm2. (b) g factor
angle dependence for the heavy-hole, X-valley electron and in-
direct exciton. Dashed line is the fit for ghh(θ), solid line is the
calculation for gEx(θ), see text. Note, the points gEx(15
◦) and
gEx(45
◦) are evaluated from the measured e and hh g factors.
(c) Calculated energies of angle-dependent bright and dark
exciton states at B = 5 T, spin-flip transitions are shown by
arrows. The center-of-gravity is taken as zero. (d) Cross- and
co-circularly polarized SFRS spectra measured at B = 4 T
and Eexc = 1.644 eV.
signed to the heavy-hole and indirect exciton. The hh g
factor for a particular field direction is determined by its
tensor components along and normal to the growth direc-
tion through ghh(θ) = [(g
‖
hh cos θ)
2 + (g⊥hh sin θ)
2]1/2. As
seen from the corresponding fit (dashed line), ghh(θ) de-
scribes well the experimental data with g
‖
hh = 2.42±0.05
and g⊥hh = 0.03± 0.05. The small transverse g factor in-
dicates weak mixing of light-hole (lh) and heavy-hole at
the Γ-point compared to, e.g., (In,Ga)As QDs.
Bearing in mind the isotropy of ge and the positive sign
of g
‖
hh, we can evaluate the indirect exciton g factor from
gEx(θ) = g
‖
hh cos θ − ge. The calculated dependence for
gEx(θ) shown by the solid line in Fig. 2(b) is in good ac-
cord with the data. The following exciton g factor values
are obtained: g
‖
Ex = 0.43± 0.08 and g⊥Ex = −1.95± 0.08.
The positive sign of g
‖
Ex is supported by the magnetic-
field-induced circular polarization of the QD photolumi-
nescence, see SOM. The resulting exciton fine-structure
pattern as function of the tilt angle is plotted in Fig. 2(c)
together with the spin-flip transitions. The values are cal-
culated using the magnetic-field dependent Hamiltonian
for a D2d QD point symmetry. Details of the calcula-
tions are given in the SOM. The transitions between the
bright exciton states with |jz | = 1 require simultaneous
reversals of the electron and hole spins, either due to one-
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FIG. 3. (Color online) (a) e- and hh-SFRS resonance profiles
measured at B = 5 T, T = 1.8 K, θ = 75◦. (b) Simulated
Raman spectrum for an X-valley state, after Eq. (2), and
scheme of spectral bandpass of monochromator slits. Inset
indicates the smooth tail of the X-valley line for Ω < 1.
phonon or two-phonon processes [23]. In the one-phonon
process the simultaneous flip occurs via the heavy- and
light-hole-exciton mixing owing to the interplay of ex-
change interactions and lattice deformations. The two-
phonon exciton spin-flip is a double-quantum transition
with a virtual intermediate state, which does not require
exchange interaction. Hence, the spin of the indirect ex-
citon is very likely flipped by the two phonon-process,
while the one-phonon process is less probable due to the
weak hh-lh mixing.
As depicted in Fig. 2(d) for a close-to-Faraday geome-
try with θ = 15◦ [24], the hh-SFRS is observed for crossed
circular polarizations in Stokes and anti-Stokes regions,
while the e-SFRS line, having a smaller Raman shift,
is present in co-polarized configurations. The hh and
e spins are scattered by acoustic phonons, where dark
indirect excitons are the intermediate scattering states.
The Γ-X-valley mixing and particularly the mixing of the
electron spin states in tilted geometry allow both SFRS
processes. Detailed scattering schemes can be found in
the SOM.
The intensities of the e- and hh-SFRS lines that char-
acterize the efficiencies of the Raman scattering processes
are plotted in Fig. 3(a) as the laser photon energy Eexc
is tuned across the QD ensemble. The spectral profile of
the hh-SFRS intensity is much broader than that for elec-
trons, and has a maximum at about 1.685 eV. However,
its width is narrower than that of the ensemble PL spec-
trum. The profile can be explained by Raman scattering
involving the direct exciton state. The spectral density
of QDs shapes the low-energy side of the profile. The de-
4crease at the high-energy side is due to shortening of the
direct exciton lifetime caused by electron scattering from
the Γ- to the X-valley. This process becomes efficient
when the energy of the Γ-valley exceeds that of the X-
valley by the longitudinal-optical phonon energy, which
is 30 meV for InAs and 49 meV for AlAs phonons [25].
The X-valley electron SFRS intensity has a sharp max-
imum at Emax = 1.633 eV, which is the crossing en-
ergy EΓX of the Γ- and X-electron valleys. Qualitatively,
this can be understood by taking into account that one-
photon excitation of a pure indirect exciton is forbidden,
but can be achieved by mixing the direct exciton with
the indirect one. This admixture is provided by mixing
of the Γ- and X-electrons. The X-valley electron SFRS
intensity is expected to be maximum when the Γ- and
X-valleys are in resonance.
For in-depth understanding of the SFRS process in-
volving the Γ-X mixed exciton states we propose a model
to calculate the e-SFRS spectrum including the resonant
intensity profile. We consider the QDs as an ensemble of
two-level systems with wave function Ψ = CΓ|Γ〉+CX|X〉,
where the coefficients CΓ(X) are determined by the energy
difference ∆ ≡ ∆EΓX = EΓ − EX between the lowest Γ-
and X-levels as well as the matrix element VΓX of the
Γ-X-level coupling, see SOM for details. The g factor is
given by ge ≡ g(∆) = gΓ |CΓ|2 + gX |CX|2, where gΓ and
g
X
are the single-valley g factors [26]. In the following,
among the two split states we only consider the one with
|CX| > |CΓ| because the other state does not contribute
notably to the e-SFRS line in Fig. 2(a). In order to ex-
press the ensemble character with its different dot sizes
and shapes, the Γ-X-level splitting shall be now taken as
the sum of the average value ∆¯(Eexc) plus a random value
∆˜ with Gaussian distribution F (∆˜): D = |∆¯(Eexc)+ ∆˜|.
Eventually, one obtains for the e-SFRS intensity
ISF(Eexc) ∝
∞∫
−∞
d∆˜F (∆˜)
[ √
D2 + δ2 −D
(1 + 2α)
√
D2 + δ2 −D
]2
×
×
(
1 +
D√
D2 + δ2
)N
(1)
with δ = 2VΓX and α = τΓ/τnr, where τnr is the non-
radiative exciton lifetime and τ
Γ
is the radiative lifetime
of the Γ-valley exciton. Following Ref. 27, N ≈ 3 −
5, which accounts for the one-phonon assisted electron
spin-flip process in QDs. For the average splitting we
assume, in accordance with Fig. 1(d), a linear dependence
∆¯ = η(Eexc − Emax), where Emax ≡ EΓX is the incident
photon energy at which the photoexcited Γ- and X-levels
merge on average, and take η = 0.65 from the slope of
the dependence given by the triangles in this figure.
Equation (1) describes well the experimental e-SFRS
intensity data, as shown by the red curve for N = 5 in
Fig. 3(a). From the simulation we obtain accurate values
for the involved parameters, in particular δ = 0.8 meV,
and also ∆0 = 10 meV as well as α ≤ 10−2 [28].
The high-energy tail observed in the resonance profile is
caused by a more complex distribution of QD sizes than
the assumed Gaussian. Nevertheless, Eq. (1) provides a
reliable way to estimate the strength of the Γ-X coupling
by VΓX = δ/2 = 0.4 meV for the studied QD ensemble.
In the range of strong Γ-X mixing one can calculate
the SFRS spectrum by integration of Eq. (1) with the
delta-function δ(Ω − |CX(∆˜)|2) in the integrand, where
Ω = (Eexc − ~ωf)/gXµBB is the difference between the
incident and final photon energies normalized to the elec-
tron Zeeman splitting g
X
µBB of the pure X-state. The
integration results in the Raman spectrum intensity
ISF(Ω) ∝ e
−∆2+/∆
2
0 + e−∆
2
−
/∆20
8
√
pi∆0
ΩN−3/2
√
1− Ω
(1 + α− Ω)2 , (2)
∆± = −∆¯(Eexc)± δ|2Ω− 1|
2
√
Ω(1− Ω) ,
see details in SOM. The model adequately describes the
Raman shift of the e-SFRS line, as shown in Fig. 3(b).
The analysis demonstrates that for α ≪ 1 the effective
dispersion of the g factors, leading to the inhomogeneous
Raman line width, is much smaller than that of the exper-
imental line, which is mainly determined by the spectral
width of the monochromator slits.
In ideal bulk semiconductors the electron states from
the Γ- and X-valleys do not mix with each other, how-
ever Γ-X mixing does take place in low-dimensional het-
erostructures due to reflection of the electron wave from
the interfaces. For (001)-oriented GaAs/AlAs superlat-
tices with type-II band alignment it has been demon-
strated that strain and quantum confinement lift the level
degeneracy at the X-valley of the AlAs layer [29, 30]. De-
pending on the GaAs layer thickness the ground state
can be either at the Xz or Xxy valley. In superlattices
considerable Γ-Xz mixing is provided by the uncertainty
of the electron k vector, kz , perpendicular to the inter-
face [31, 32]. The Γ-Xxy mixing can be induced only
by violation of the translational symmetry in the xy-
plane, which is absent in superlattices with flat inter-
faces. However, this violation is possible in QDs due
to their boundaries perpendicular to the (001)-direction.
For the (In,Al)As/AlAs QDs this mechanism is responsi-
ble for the strong variation of the exciton recombination
rate that is affected by the annealing treatment during
growth [12], which in turn changes the Γ-Xxy mixing.
SFRS is therefore able to characterize the Γ-Xxy mixing
quantitatively, opening up a novel way for systematic
studies of inter-valley coupling and spin-flip scattering
processes in semiconductors.
To conclude, we have shown that the spin level struc-
ture of the indirect-in-momentum-space exciton in type-I
(In,Al)As/AlAs QDs can be assessed by resonant spin-
flip Raman scattering due to its mixing with the optically
allowed direct exciton. This tool can be also applied to
5other indirect systems with, e.g., Γ-L-valley mixed ex-
citons or type-II band alignment. Moreover, our study
implies that it is worthwhile to further attempt tailoring
of the band structure of such mixed direct-indirect sys-
tems, as in that way one can obtain long-lived excitons
with appealing spin properties that do not only have long
relaxation times but can also be manipulated by optical
or electrical methods. These QD structures are promising
for quantum information technologies. Also, the SFRS
itself is a coherent manipulation, as it can be used to
initialize and orient the spins of the electron, heavy-hole,
and in particular the exciton.
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